The (t, 3 He) and ( 3 He,t) reactions as probes of Gamow- Teller strength. 
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Charge-exchange reactions are an important tool for determining weak-interaction rates. They 
provide stringent tests for nuclear structure models necessary for modeling astrophysical environ- 
ments such as neutron stars and core-collapse supernovae. In anticipation of (t, 3 He) experiments 
at 115 MeV/nucleon on nuclei of relevance (A~ 40 — 120) in the late evolution of stars, it is shown 
via a study of the 26 Mg(t, 3 He) reaction that this probe is an accurate tool for extracting Gamow- 
Teller transition strengths. To do so, the data are complemented by results from the 26 Mg( 3 He,t) 
reaction at 140 MeV/nucleon which allows for a comparison of T=2 analog states excited via the 
mirror reactions. Extracted Gamow- Teller strengths from 26 Mg(t, 3 He) and 26 Mg( 3 He,t) are com- 
pared with those from 26 Mg(d, 2 He) and 26 Mg(p,n) studies, respectively. A good correspondence is 
found, indicating probe-independence of the strength extraction. Furthermore, we test shell-model 
calculations using the new USD-05B interaction in the sd-model space and show that it reproduces 
the experimental Gamow- Teller strength distributions well. A second goal of this work is to improve 
the understanding of the (t, 3 He) and ( 3 He,t) reaction mechanisms at intermediate energies since de- 
tailed studies are scarce. The Distorted-Wave Born Approximation is employed, taking into account 
the composite structures of the 3 He and triton particles. The reaction model provides the means to 
explain systematic uncertainties at the 10-20% level in the extraction of Gamow- Teller strengths as 
being due to interference between Gamow- Teller AL = 0, AS = 1 and AL — 2, AS — 1 amplitudes 
that both contribute to transitions from + to 1 + states. 

PACS numbers: 21.60.Cs, 24.50.+g, 25.40.Kv, 25.55.Kr, 25.60.Lg, 27.30.+t 



I. INTRODUCTION 



Charge-exchange reactions have long been used to 
study the spin-isospin response in nuclei. They trans- 
form a neutron (proton) into a proton (neutron) (change 
in isospin AT=1), either with or without spin-transfer 



(AS=1 or AS=0). In particular, Gamow-Tcller (GT) 
transitions (AT=1, AS=1, and angular momentum 
transfer AL=0) have been the subject of extensive stud- 
ies. These transitions are mediated through the ar± op- 
erator and connect the same initial and final states as 
(5± decays. Weak interaction rates (via electron capture 
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(EC) and /3-decay) J are pivotal in understanding the late 
evolution of stars [1 H B H H E H Since /3-decay 
has access to states only in a very limited energy win- 
dow and direct measurements with neutrinos of the full 
response are difficult due to the weakness of the inter- 
action, charge-exchange reactions with hadronic probes 
are the preferred tool for mapping the Gamow- Teller re- 
sponse. 

Here, we present results for extracting Gamow- Teller 
strengths in the (n,p) direction using a new tool: the 
(t, 3 He) reaction at 115 MeV/nucleon using a beam of 
secondary triton particles at the NSCL. In prepara- 
tion for experiments on target nuclei of importance in 
stellar evolution (pf and sdg-shell nuclei), we chose a 
lighter target, 26 Mg, for which the structure is well 
known and thus allows for a detailed study of strength- 
extraction techniques. The 26 Mg(t, 3 He) 26 Na data are 
combined with results from a 26 Mg( 3 He,t) 26 Al experi- 
ment at 140 MeV/nucleon, performed at RCNP. Com- 
paring transitions to analog (T=2) states excited in 26 Na 
and 26 Al provide a means for checking consistency un- 
der the assumption of isospin symmetry. In addition, 
26 Mg(d, 2 He) 11113 and 26 Mg(p,n) [ll| data are available, 
allowing for a comparison with results from 26 Mg(t, 3 He) 
and 26 Mg( 3 He,t), respectively and thus providing insight 
about the probe-dependence of the strength extraction. 

Detailed studies of the mechanism of the ( 3 He,t) and 
(t, 3 He) reactions at energies ~ 120 — 140 MeV/nucleon 
are rare 0, 0]. A good understanding is important, 
however. If states excited via Gamow- Teller transi- 
tions cannot be separated from states of different multi- 
polarity a multipole decomposition analysis (MDA) most 
be performed to disentangle the Gamow- Teller contribu- 
tion. The MDA relies on the reliable prediction of angu- 
lar distributions in the reaction models. Secondly, to es- 
timate systematic errors in the extraction of the Gamow- 
Teller strengths the reaction model must incorporate the 
leading cause(s) for such uncertainties. Therefore, a sig- 
nificant portion of this paper deals with the develop- 
ment of treatment of the ( 3 He,t) and (t, 3 He) reactions in 
the Distorted Wave Born Approximation (DWBA). The 
26 Mg( 3 Hc,t) data set contains many clearly separated 
states of varying multipolarities and thus provides an 
ideal testing ground for the calculations and the ability to 
describe the angular distributions and estimate system- 
atic errors in the extraction of Gamow- Teller strength. 

A variety of reactions have been applied to the deter- 
mination of Gamow-Teller strengths (B(GT) HI 11113, 
here defined so that B(GT)=3 for the decay of a free neu- 
tron) . Systematic studies of Gamow-Teller strength were 
first performed at IUCF (see e.g. [DlEElEt) using 
the AT Z = — 1 (p,n) reaction (T z is the z-component of 
the isospin). At sufficiently high beam energies (~ 100 
MeV and higher), the forward-angle cross section is dom- 
inated by the err component of the effective interaction 
[2ll 1221 ] that mediates Gamow-Teller transitions and a 
proportionality between cross sections at zero momen- 
tum transfer and Gamow-Teller strength was established 



[2^ . Resolutions vary from about 200 keV for proton en- 
ergies of 120 MeV to 0.65 MeV- 1.9 MeV at proton ener- 
gies of several hundred MeV (H3 and references therein, 
|24|). The (n,p) reaction was subsequently used to ex- 
tract Gamow-Teller strength distributions in the inverse 
direction [51 [2(| . The resolutions that can be obtained 
with (n,p) reactions are ~ 1 MeV. For tests of theoret- 
ically predicted Gamow-Teller strength distributions of 
importance for stellar evolution, data with better resolu- 
tion are important since the electron-capture rates in the 
stellar environment are sensitive to the details of the low- 
lying transitions [2?]]. Therefore, probes to extract these 
strengths with better resolution have been developed. 

An alternative to the (n,p) reaction is the (d, 2 He) reac- 
tion. Experiments have been performed at RIKEN psj . 
Texas A&M [j| and at KVI ^ where the best resolu- 
tions have been achieved (~13*0 keV at E(d)=85 MeV/n). 
By selecting small relative energies of the outgoing pro- 
tons in the unbound 2 He system, enhanced selectivity for 
spin-transfer transitions is achieved [3fll3l| . The (d, 2 He) 
reaction has been used to extract Gamow-Teller distribu- 
tions in a variety of nuclei | 32l |33j focusing on cases of 
importance for astrophysical applications. 

The ( 3 Hc,t) reaction has been used extensively to 
probe the spin-isospin response in nuclei. Experiments 
have been performed at a variety of institutions and at 
various beam energies (for an overview, see Ref. [l6^- 
At present, the most extensive program is carried out at 
RCNP using the spectrometer Grand Raiden [34l l35j . 
3 He beam energies of 140-150 MeV/nucleon are used. 
Resolutions of 35 keV have been achieved j3^ and reac- 
tions on a number of targets have been performed with 
the main aim of extracting Gamow-Teller strength (see 

e.g. [H IHH! |!3). The selectivit y for Gamow-Teller 
transitions at forward angles and intermediate beam en- 
ergies is very similar to that of the (p,n) reaction HU- 

The (t, 3 He) reaction is a relatively new tool for study- 
ing spin-isospin excitations in the AT Z = +1 reaction. 
The only triton beam presently available at energies 
above 100 MeV/nucleon is the secondary triton beam 
made at NSCL. The first (t, 3 Hc) experiment, on a se- 
ries of light nuclei |4lJ , was performed in a simple spec- 
trometer and the energy resolution was poor and angu- 
lar distributions could not be measured. By applying 
the dispersion-matching technique in the S800 spectrom- 
eter |43, it was shown that energy resolutions of ~ 200 
keV can be obtained and angular distributions be ex- 
tracted 01- Subsequently, states in weakly-bound 6 He 
via 6 Li(t, 3 He) were studied. 

This paper is structured as follows: In Section [n] 
the framework for extracting Gamow-Teller strengths 
from the ( 3 He,t) and (t, 3 He) reactions and the motiva- 
tion for choosing 26 Mg as a target will be will be dis- 
cussed. In Section |Hl| the details of the 26 Mg( 3 He,t) 
and Mg(t, He) experiments and the general features 
of the measured spectra are described. In Section IIVI 
the strengths extracted from the data are presented and 
compared with results from other charge-exchange exper- 
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FIG. 1: Differential cross sections measured for the 
26 Mg(t, 3 He) reaction at E t =115 MeV/nucleon. a) The spec- 
trum for 6> cm ( 3 He) < 1.1°. b) The spectrum for 3.4° < 
# cm ( 3 He) < 4.5°. Unlike transitions with higher angular mo- 
mentum transfer, Gamow-Teller (AL=0) transitions peak at 
forward angles. The energy region where Gamow-Teller tran- 
sitions dominate the spectrum is indicated in a), and the tran- 
sitions to the 1 + states are indicated by down arrows. In con- 
trast, dipole transitions (AL=1) have a minimum at forward 
angles and peak near 3.5°. Such transitions are indicated by 
up arrows in b). 



iments and with shell-model calculations. In addition, 
the exhaustion of the model-independent Gamow-Teller 
sum rule is discussed. Since the reaction calculations in 
DWBA that are employed in this section are novel for 
( 3 He,t) and (t, 3 He) reactions, they are discussed in de- 
tail in Section and subsequently employed to describe 
the systematic uncertainties in the extraction of Gamow- 
Teller strength from the data. 



II. PRELIMINARIES 



In this article we present measurements of the 
26 Mg( 3 He,t) and 26 Mg(t, 3 He) reactions at 140 
MeV/nucleon and 115 MeV/nucleon, respectively. 



FIG. 2: Differential cross sections measured for the 
26 Mg( 3 He,t) reaction at E3 Hc = 140 MeV/nucleon. The top 
panel shows the spectrum for 9 cm (t) < 0.3°. The bottom 
panel shows the spectrum for 2.0° < 6 C m(t) < 2.3°. As in 
Fig. 1, transitions with AL=0 peak at forward angles. The 
broad bump in the spectrum, seen at larger angles (indicated 
in the bottom panel) is due to giant dipole resonances (IVSDR 
andlVGDR). 



The 26 Mg nucleus provides an excellent case for testing 
the reaction mechanism. Its structure is well known, and 
full sd-shell wave functions are available, a prerequisite 
for the studies of the reaction mechanism. Here, we test 
the new USD interaction, USD-05B [45|. The isospin 
of 26 Mg is T=l. Thus, final states with T=0,1 and 2 
transitions can be observed in the 26 Mg( 3 He,t) reaction. 
The results for the T=2 states can be compared with 
their analog states excited via (t, 3 He) to verify con- 
sistency. Assuming isospin symmetry, the strengths of 
analog transitions differ only by their Clebsch-Gordan 

coefficients; in this case, p^^ 26Ms L?^*| = i. Note that 

> ' i3((jl) 2 6 Mg (t, He) b 

a comparison between analog Gamow-Teller transitions 
becomes more difficult for target nuclei with increas- 
ing ground state isospin (larger N-Z) since the ratio 

b(gt)(at'=+i) decreases, and the transitions in the 
AT Z = — 1 direction become more difficult to separate 



4 



from the continuum and other transitions. 

The 26 Mg( 3 He,t) experiment is also important for 
checking that the extracted Gamow- Teller strengths are 
consistent with those from (p,n) and, therefore, probe 
independent. Since 26 Al has isospin T=0, the Gamow- 
Teller strengths for the transitions to the four lowest- 
lying 

1 + states can be extracted from 26 Si /3 + -decay jig data 
if the small contribution from isospin symmetry breaking 
is neglected. It can then be used to calibrate the pro- 
portionality between Gamow- Teller strength and cross 
sections at zero momentum transfer (q=0). In eikonal 
approximation this proportionality is written as |23| : 



%{q = 0) = KN\ J aT \ 2 B(GT) = aB(GT). 
ail 



(1) 



Here, K - 



(j^i^i^yi where ■£,-(/) is the reduced energy in 
the incoming (outgoing) channel; N is the distortion fac- 
tor defined by the ratio of distorted-wave to the plane- 
wave cross sections; \J aT \ is the volume-integral of the 
central err interaction. The factor KN\J aT \ 2 is referred 
to as the unit cross section, a. The cross section for mo- 
mentum transfer q=0, requiring both the Q-value of the 
transition and the scattering angle to be zero, is obtained 
by extrapolating the data using: 
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In this equation, 'DWBA' refers to calculated values in 
the Distorted- Wave Born Approximation described in 
section The experimental cross section at 6 — 0° is 
obtained by fitting the calculated Gamow- Teller angular 
distribution in DWBA to the measured angular distribu- 
tion. The proportionality of Eq. ^ also holds for Fermi 
transitions [23| associated with the excitation of the iso- 
baric analog state (IAS) via AT 2 = — 1 reactions. In that 
case, | J ar has to be replaced by |«7 T |. 

Besides the trivial dependence of K on target and 
projectile mass and beam energy, also N and J aT de- 
pend on mass and beam energy. The distortion factor N 
can be calculated if the optical potential parameters are 
known. In general, the distortion factors for the ( 3 He,t) 
and (t, 3 He) reactions are smaller (meaning larger distor- 
tions) than those for (p,n) and (n,p), respectively, since 
the latter two probe the nuclear interior more strongly 
than the reactions with composite probes. The ar com- 
ponent of the interaction (Jar) is only weakly dependent 
on the beam energy [2lt |23 | , but due to the exchange 
terms, the dependence on target mass is significant, es- 
pecially for lower mass numbers. 

In practice, the proportionality described by Eq. ^ 
is often calibrated by correlating extracted cross sec- 
tions at zero momentum transfer with empirically known 
Gamow- Teller strengths from /3-decay data. 

In the Love-Franey effective interaction pll , which 
we will employ in DWBA cross section calculations for 



more detailed comparisons between data and theory, the 
central err and r interactions are represented by super- 
positions of real and imaginary Yukawa potentials with 
varying ranges corresponding to the different meson- 
exchange potentials. Spin-orbit contributions are rep- 
resented by a summation over Yukawa potentials mul- 
tiplied by the L ■ S operator. The main source of sys- 
tematic errors in the proportionality of Eq. ^ is inter- 
ference from AL=2, AS=1 amplitudes for transitions 
to the J 71 = 1 + Gamow- Teller states, mediated mainly 
through the tensor-r component of the interaction. In 
the Love-Franey effective interaction, this component is 
represented by a summation over potentials of the form 
r 2 x Yukawa multiplied by the S 12 = ^^p^ - ai ■ a 2 
operator. The cross-section calculations and such sys- 
tematic errors will be discussed further in section At 
beam energies above ~ 100 MeV/nucleon the contribu- 
tions from multistep processes become small |35| and are 
less of a concern in terms of the breaking of proportion- 
ality and are disregarded in this work. 



III. EXPERIMENTS 
A. The 26 Mg(t, 3 He) experiment at NSCL 

The production of the secondary triton beams for 
(t, 3 He) experiments is described in detail in Refs. 0,^3 
and here we only give an overview and refer to cir- 
cumstances specific for taking the 26 Mg(t, 3 He) data. A 
secondary triton beam with an average energy of 115- 
MeV/nucleon and a relative energy spread of 1% was 
produced from a primary 140 MeV/nucleon a-beam im- 
pinging on a 9.25- g/cm 2 thick Be production target. 
The primary beam was accelerated in the K1200 cy- 
clotron and the tritons were selected in the A1200 frag- 
ment separator. The triton intensity ( 1.3 x 10 6 tritons/s) 
was monitored with an in-beam scintillator (IBS) placed 
30 m upstream from the isotopically-enriched (99.42%) 
12.5 ± 0.3-mg/cm 2 thick 26 Mg target. The 3 He ejectiles 
were detected in the S800 spectrometer [42], set at an 
angle of 0° and operated in dispersion-matched mode. 
Since the triton beam cannot be bent into the focal plane 
of the spectrometer, the transmission of the triton beam 
from the IBS to the target was determined by compar- 
ing the rates at the S800 focal plane and the IBS using 
a secondary 3 He beam without a target. Even though 
the beam-spot size in the dispersive direction is relatively 
large (~ 5cm), a transmission of 95% was achieved owing 
to the large acceptance of the S800 spectrometer. 

The S800 focal-plane detector system consists 
of two 2-dimensional cathode-readout drift detectors 
(CRDCs) for the determination of position and angles 
in the focal plane. In addition, two thin plastic scintil- 
lators are positioned behind the CRDCs. The first one 
serves as trigger for the data acquisition system and pro- 
vides the start signal for the time-of-flight (TOF) mea- 
surement. The stop signal is provided by the cyclotron 
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FIG. 3: Energy spectra of the 26 Mg( 3 He,t) and 26 Mg(t, 3 He) reactions. Peaks identified as due to Gamow- Teller transitions are 
indicated. '/?' denotes that the Gamow- Teller strength of the transition can be deduced from 26 Si /3-decay under the assumption 
of isospin symmetry. The 26 Mg(t, 3 He) spectrum has been shifted by the Coulomb-energy difference so that the 1 + state at 
£^=0.08 keV is aligned with its analog at E a! = 13.6 MeV in the 26 Mg( 3 He,t) spectrum. 



radio frequency. The light output of the two scintillators 
and the TOF signal were used to identify 3 He particles. 
For ra y-tr acing purposes, the ion-optical code COSY In- 
finity [49j was used to calculate the ion-optical transfer 
matrix of the S800 spectrometer 50] from the measured 
magnetic field maps. Matrix elements up to fifth order 
were used in the reconstruction of 5 = (E — Eq) / Eq (Eo is 
the kinetic energy of the particle following the central-ray 
trajectory through the spectrometer and E the energy of 
the measured particle). The track angles in the dispersive 
and non-dispersive directions were also obtained in the 
ray-tracing procedure and used to calculate the 3 He scat- 
tering angle. The 26 Na excitation energy was determined 
in a missing-mass calculation using the reconstructed en- 
ergy and scattering angle. The overall energy resolution 
was 300 keV, full- width at half maximum (FWHM). This 
is about 100 keV worse than the resolution achieved in 
the experiment described in Ref. due to the rela- 

tively thick target used in this experiment and slightly 
poorer dispersion matching conditions. Cross sections 
were measured at center-of-mass angles from 0° to 4.5°. 
The angular resolution was 0.4° (FWHM). 

B. The 26 Mg( 3 He,t) experiment at RCNP 

The 26 Mg( 3 He,t) data were obtained at RCNP us- 
ing the spectrometer Grand Raiden (34|. A 3-pnA 140- 
MeV/nucleon 3 He beam bombarded a 3.6 mg/cm 2 iso- 
topically enriched (99.4%) 26 Mg target. The spectrom- 
eter was run in the "off-focus" mode so that the 
angle in both horizontal and vertical directions could be 
determined. The beam current was integrated using a 
Faraday cup. The experimental setup and analysis tech- 
niques were the same as described in Refs. [lj,H2- The 



energy resolution was ^100 keV (FWHM). As discussed 
in the introduction, Gamow- Teller strengths have been 
extracted from high-resolution (~ 30 keV) experiments 
at RCNP using the dispersion-matching technique on a 
variety of targets, including 26 Mg jH] (up to E X ( 26 A\)=9 
MeV). In the high-resolution measurements, absolute 
cross sections and precise angular distributions were not 
extracted. Owing to the increased beam-spot size, the 
acceptance of the spectrometer (which is much smaller 
than that of the S800 spectrometer) is not defined by 
the entrance slits in a simple way and accurate beam 
current integration is problematic. Therefore, for exper- 
iments performed in dispersion-matched mode, the yield 
in a narrow angular bin (typically from 0° to ~ 0.5°, see 
e.g. Ref. 39]) is used in Eq. [2 and the identification of 
Gamow- Teller transitions performed by comparing ratios 
of yields at forward and backward angles. For the pur- 
pose of studying the details of the reaction mechanism, 
the absolute cross sections and accurate angular distribu- 
tions are essential. The ( 3 He,t) data presented here were, 
therefore, taken in achromatic mode where beam integra- 
tion is straightforward and the acceptance is well defined 
due to the small beam-spot size on the target of about 
1-2 mm. Center-of-mass scattering angles were measured 
from 0° to 2.5°, with a resolution of 0.2° (FWHM). 

As a check on the reliability of the beam integration for 
the ( 3 He,t) experiment presented here, some data were 
also taken with 13 C and 208 Pb targets under exactly the 
same conditions as for the 26 Mg target. The differential 
cross sections for the transitions to the ground state of 
13 N [T3 and the isobaric analog state (IAS) in 208 Bi [±2 
for these two targets have been extracted in the past. 
The results from the previous and new data differed by 
less than 10%, giving a measure for the systematic un- 
certainties in the beam integration and target thickness. 
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C. The measured spectra and their general features 

In Figs. [2 and the energy spectra measured via 
26 Mg(t, 3 He) and 26 Mg( 3 He,t), respectively, are shown. 
Transitions with AL = peak at 0° and drop off rapidly. 
They dominate the spectra at forward angles; see Figs. 

and [2^ in which states excited via monopole transi- 
tions are marked by a down arrow. In contrast, dipolc 
transitions peak at around 3° and are thus enhanced at 
backward angles; see the Figs. ^ an d where states 
excited via dipole transitions are marked by an up arrow. 
Transitions with higher angular-momentum transfer are 
possible as well, but they have a rather flat angular dis- 
tribution over the angular range measured here. 

In the AT Z = +1 direction, only the AL = isovector 
(spin-flip) giant monopole resonances have angular distri- 
butions similar to the Gamow- Teller transitions. These 
2hw resonances have high excitation energies (> 20 MeV 
). For excitation energies below ~ 20 MeV, identifi- 
cation of Gamow- Teller transitions using the angular dis- 
tributions is very selective. Therefore, the states in Fig. 
^ indicated with a down arrow are identified as Gamow- 
Teller transitions to 1 + states in 26 Na. The detailed pro- 
cedure of extracting components in the spectrum using a 
MDA is discussed in Section llVl 

The dipole transitions visible in Fig. constitute the 
various components (J 71 = 0~,l - ,2~) of the isovector 
spin-flip giant resonance (SDR; AL = 1, AS — 1) and 
its non-spin-transfer partner, the J 71 " = 1~ isovector giant 
dipole resonance (IVGDR; AL = 1, AS = 0). Relative 
to the IVSDR, the IVGDR is weak, because non-spin- 
transfer transitions are suppressed at these beam energies 

For the AT Z = —1 direction, the angular distribu- 
tions can similarly be used for unambiguous identifi- 
cation of Gamow- Teller transitions. The isovector gi- 
ant monopole resonances are located at energies above 
30 MeV (531). There is one additional transition with 
AL = in this direction, namely the excitation of the 
IAS (AL = 0, AS = 0). Its location is well known, how- 
ever, and its strength can be removed easily in the ex- 
traction of Gamow- Teller strengths. In the 26 Mg( 3 He,t) 
data (Fig. 0) many Gamow- Teller transitions can eas- 
ily be identified. Since only center-of-mass angles of up 
to 2.5° are measured, even at the most backward an- 
gles (Fig. |2t>), they dominate the spectrum. The dipole 
contributions (due to the IVSDR and IVGDR) appear 
mostly as a broad resonance with a maximum at an en- 
ergy of about 20 MeV. The good resolution of 100 keV al- 
lows for a peak-by-peak analysis, instead of a MDA. The 
peak shape was determined using the strongest Gamow- 
Teller transition at £^ = 1.06 MeV and was then used in 
the yield estimation for all transitions. If a peak was 
not isolated, the background under it was parameterized 
with a polynomial in the energy region close to the peak 
and a systematic error to the yield was assigned based 
on the ambiguity in estimating the background. If two 
or more peaks were not completely separated, the fits 



TVIg( 3 He,t) 26 Mg(t, 3 He) 




® cm (t) (deg) ©c/He) (cleg) 

FIG. 4: Measured differential cross sections and comparison 
with DWBA calculations. Left: Results for 5 states in the 
26 Mg( 3 He,t) spectrum with different and T are shown. 
Right: Results of MDA in regions A-E of Fig. El in the 
26 Mg(t, 3 He) spectrum are shown. 

were performed simultaneously for the peaks in that re- 
gion. The data set was divided into eight angular regions 
and the yields for all peaks were obtained in each region 
separately. 

Note that at our beam energies and at forward angles, 
transitions that involve large angular-momentum trans- 
fers are strongly suppressed. A good example is the tran- 
sition to the 5 + ground state of 26 Al, for which no sta- 
tistically significant yield was measured whereas at lower 
3 He beam energies (e.g. 24 MeV/nucleon [EiJ) this state 
can be observed clearly. 

IV. EXTRACTION OF GAMOW-TELLER 
STRENGTHS AND COMPARISON WITH 
SHELL-MODEL CALCULATIONS 

Fig. El shows the measured energy spectra integrated 
over the full angular ranges covered in the two experi- 
ments. The 26 Mg(t, 3 He) spectrum has been shifted by 
the Coulomb-energy difference so that the first Gamow- 
Teller state at E x = 0.08 keV is aligned with the first T=2 
Gamow- Teller state at E x =13.6 MeV in the 26 Mg( 3 He,t) 
spectrum. 

A. Gamow- Teller strength in 26 Al 

For the 26 Mg( 3 He,t) data, Gamow- Teller states were 
identified using their L = nature by comparing mea- 
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sured angular distributions for each peak in the spec- 
trum to DWBA calculations performed with the code 
FOLD [E3 (see section . Fig. H shows a comparison 
of the measured ( 3 He,t) differential cross sections and 
DWBA calculations of transitions to several states of var- 
ious multipolarity. For each transition, the only freedom 
in comparing the data with the DWBA calculations was 
an angle-independent scale factor, which was determined 
in a fit. The comparison is shown for the + IAS at 
£ T =0.23 MeV, the strongest 1+ state at £^=1.06 MeV, 
a 2+ state at E x =3.16 MeV, a 2" state at E X =4A3 MeV 
and the first T=2 1+ state at E x = 13. 57 MeV. In all cases 
a good correspondence between the data and calculation 
is found, giving confidence that angular distributions can 
be predicted accurately using the model. For the states 
in the spectrum that are identified as 1 + states, the zero- 
degree cross section was extracted from the fitted theoret- 
ical curve, with the error being deduced from the fitting 
error. Eq. [21 was then used to obtain the cross section 
at zero-momentum transfer. In total, 29 Gamow- Teller 
transitions were identified. In Fig. |3| they are marked 
with arrows. Under the assumption of isospin symmetry, 
the Gamow- Teller strengths for the first four of these 
Gamow- Teller transitions can be deduced from /?-decay 
measurements of 26 Si [46j. The corresponding B(GT)s 
are 1.098, 0.536, 0.091 and 0.113 for E a ( 26 Al)=1.06 MeV, 
1.85 MeV, 2.07 MeV and 2.74 MeV, respectively. For rea- 
sons discussed in the next section, only the first two (with 
the larger values of Gamow- Teller strength) of these tran- 
sitions were used to determine the unit cross section a in 
Eq. n This unit cross section was then used to calcu- 
late the Gamow- Teller strengths for all 29 peaks. The 
results are summarized in Table [ij combined with pre- 
vious results from the high-resolution 26 Mg( 3 He,t) ex- 
periment [3^, the results from a 26 Mg(p,n) experiment 
[llj at E p = 135 MeV with an energy resolution of 300 
keV and the strengths extracted from /3-decay, following 
Ref. • Note that in the analysis of the high-resolution 
( 3 He,t) data and the (p,n) data, all four Gamow- Teller 
transitions for which the strength is known from /3-decay, 
were used in the calibration of the unit cross section of 
Eq. □ 

The errors in table [I] of the present ( 3 He,t) data in- 
clude a statistical as well as a systematical component 
resulting from uncertainties in the background estimates 
in cases where peaks were not separated. Systematical 
errors that cannot be estimated from the data are dis- 
cussed in section [V] A state at E x — 5.58 MeV, was 
seen in both the present ( 3 He,t) and the high-resolution 
data. It was listed in the compilation of Ref. |56J as a 
1 + state, but in the updated compilation of Ref. [57I 
no parity assignment was shown. In Ref. |39| the tran- 
sition to this state was assigned to have AL ^ 0, but 
nevertheless given a tentative Gamow- Teller strength of 
0.020±0.001. We found that the angular distribution did 
not peak strongly at 0°, as expected for Gamow- Teller 
transitions. However, it cannot be ruled out that two 
unresolved states with different multipolarities make up 



this peak. Since the strength of this transition is small 
compared to the sum of the Gamow- Teller strengths of 
all transitions as well as its error, it was excluded from 
Table 13 

Overall, a good correspondence is found between the 
extracted Gamow- Teller strengths below E x =9.2 MeV 
from the three charge-exchange experiments compared 
in Table Q] The integrated sums are consistent within 
error margins, showing that the strength extraction is 
largely probe- independent. Above E x — 9.2 MeV, and 
in particular above E x — 12 MeV, larger differences are 
seen between the ( 3 He,t) results (present data set only) 
and the (p,n) results. In this energy range, the improved 
resolution becomes increasingly important, since it re- 
duces the systematic errors due to the background esti- 
mates and subtraction. In Ref. |ll|. systematic errors 
in the background subtraction for the (p,n) data in the 
energy region above E x = 13.3 MeV were estimated to 
be as much as 50%, depending on the method used. The 
tabulated Gamow- Teller strengths of Ref. 0] were the 
ones extracted with the lowest background estimates and, 
therefore, highest cross section and strength. 



B. Gamow- Teller strength in 6 Na 

The 26 Mg(t, 3 He) reaction data do not allow a peak- 
by-peak analysis because transitions to states with dif- 
ferent are not clearly resolved. An MDA is required. 
Since the DWBA calculations for experimentally well- 
separated states accurately predict angular distributions 
for transitions of various spin and angular-momentum 
transfers for the ( 3 He,t) reaction, we used the DWBA 
calculations to predict the various components used in 
the MDA fitting procedure. The 26 Na spectrum up to 
E x =6 MeV was divided into 5 regions (A-E, as shown 
in the inset in Fig. - Regions A, B, C, and E were 
chosen where the Gamow- Teller transitions were seen to 
be strong based on the comparison of spectra at differ- 
ent angles in Fig. ^ Additionally, the region around 
the lowest-lying dipole state (region D) was analyzed. 
Above E x —6 MeV, no statistically significant Gamow- 
Tcllcr strength was found. 

In the right-hand panel of Fig. angular distribu- 
tions extracted from the (t, 3 He) data are shown for each 
of the regions A to E. Several 2 + , 3 + , 4 + , 5 + states that 
cannot be resolved are known to reside in the region 
below E x —3.5 MeV [5£|. Their angular distributions 
near 0° are flat and similar. At the beam energy of 
115 MeV/nucleon, transitions involving highest angular- 
momentum transfers (4 + , 5 + ) are suppressed. In regions 
A-C, the MDA results shown in Fig. 0] included tran- 
sitions to 1 + and 3 + states. Separate MDAs were per- 
formed in which the transitions to 2 + states were used 
instead of to 3 + states. No significant difference in the ex- 
traction of Gamow- Teller strength was noted. As shown 
in Fig. the angular distribution in region D can be 
reproduced by assuming only the presence of dipole tran- 
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TABLE I: Extracted Gamow- Teller strengths for transitions from 26 Mg to 26 Al from the present 26 Mg( 3 He,t) experiment 
at 140 MeV/nucleon, a high-resolution 26 Mg( 3 He,t) experiment at 140 MeV/nucleon [3?SI |. a 26 Mg(p,n) experiment at 135 
MeV/nucleon [Tl| and from /3-decay measurements of 26 Si |4(i|l assuming isospin symmetry. The error bars for the present 
( 3 He,t) data set given in the table include statistical errors, as well as systematical errors in cases where background had to be 
subtracted. Estimates of other systematic errors are given in section IVI 



/3-decay" 


( 3 He,t) present data 


( 3 He,t) high resolution 


(P,n) c 




E x (MeV) B(GT) 


£j x (MeV ) 


B(G1) 


E x (MeV) B(GT) 


E, (MeV) 


B(GT) 


1.0577 1.098±0.022 


1.06 


1.09±0.03 e 


1.058 1.081±0.029 e 


1.06 


1.10 e 


1.8506 0.536±0.014 


1 


n ^4+0 09 e 


1.850 0.527±0.015 e 


1.85 


0.50 e 


2.0716 0.091+0.004 


2.07 


1 14+0 008 


2.071 0. 112+0. 004 e 


2.11 


0.11 c 


2.7400 0.113+0.005 


9 7 A 


nil Q_i_n nnc 


2.739 0. 117+0. 004 e 


2.72 


0.13 c 




O. 1 o 


n i OQ+D DOS 


3.726 0.106±0.004 


3.73 


0.10 




J.Ul 




5.010 0.271+0.008 


5.01 


0.28 




^ QA 


n fMi _i_n nnc 


5.949 0.037±0.002 


(5.95) 


0.04 




fi 97 


n i Q4-J-0 DOS 


6.269 0.126±0.004 


(6.28) 


0.12 




fi 87 


n nooin nn^ 


6.875 0.028±0.001 


(6.87) 


0.03 




7 9fl 


n nonin nnc 
u.uoyzcu.uuu 


7.199 0.085±0.003 


(7.21) 


0.09 




7 4fi 


n nocin nnA 

U.UOUZCU.UU4: 


7.457 0.038±0.002 








7 SI 


n no7_i_n nnA 


7.813 0.040±0.002 


(7.85) 


0.04 




o.yo 


n i oQ_i_n nnfi 


8.930 0.041±0.002 d 
9.007 0.079+0.003^ 


(8.94) 


0.15 


Sum for E x <9.2 MeV 




2.73+0.04 


2.69+0.04 




2.69 




9.43 


0.136±0.008 










9.62 


0.079±0.007 




(9.77) 


0.09 




9.86 


0.058±0.006 












U.loo±U.UUa 




(10.2) 


0.16 




10.45 


0.29±0.01 










10.81 


0.47±0.02 




(10.8) 


0.44 




11.22 


0.164±0.009 




(11.2) 


0.17 




11.50 


0.021±0.005 










11.62 


0.17±0.01 




(11.6) 


0.20 




12.01 


0.015±0.003 










12.41 


0.022±0.004 




(13.1) 


0.05 




13.57 


0.068±0.003 




(13.6) 


0.12 




14.53 


0.015±0.004 




(14.6) 


0.11 




14.88 


0.018±0.005 




(14.9) 


0.07 




15.91 


0.029±0.006 










18.32 


0.021±0.005 








Sum 




4.46+0.05 






4.41 



"From Ref. |4a, assuming isospin symmetry 
6 From Ref. Ea 

c From Ref. Illl : we follow the notation by the authors to put 
parentheses around excitation energy values that may represent an 
average over more than one state. 

d These two states are unresolved in the present ( 3 He,t) data set. 
The sum of the strengths (0.120±0.004) is consistent with the value 
of 0.123±0.008 extracted in the present data. 

e Used in the calibration of the unit cross section in Eq. 



sitions. Therefore, in Region E a mixture of dipole and 
Gamow- Teller strength was assumed which led to a good 
fit to the data. 

The cross sections at 0° for the Gamow- Teller compo- 
nents found in the MDA were inserted into Eq. Elto calcu- 
late the cross section at zero-momentum transfer. Under 
the assumption of isospin symmetry, the cross section for 
the transition to the first 1 + state in 26 Na is a factor of 6 
larger than the cross section for the excitation of its ana- 
log T=2 state excited via ( 3 He,t) located at 13.57 MeV. 
Due to the 25 MeV/nucleon difference in beam energy 



between the two experiments, a kinematical correction 
factor (k) is required when comparing results. This fac- 
tor was determined in DWBA to be 1.2 (to be multiplied 
with the cross section found via the (t, 3 He) reaction). 
The ratio fc<J ( t - 3Hc ) (q = fj) was 6.1 ± 0.5, which is consis- 

<T ( 3 Ho,t) 

tent with the expected factor of 6 due to the difference 
in B(GT) arising from the isospin Clebsch-Gordan coef- 
ficients. Therefore, except for the factor k, the propor- 
tionality factor between Gamow- Teller strength and cross 
section at zero-momentum transfer used for the (t, 3 He) 
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reaction was the same as that for the ( 3 He,t) reaction. 

In Table |ni the extracted Gamow- Teller strengths are 
given and compared with results from two (d, 2 He) ex- 
periments [U0]. For each of the AT Z — +1 reactions, 
the energy of the first state is fixed to the known energy 
of the first 1+ state in 26 Na at £^=0.08 MeV |E3- The 
ground state of 26 Na has spin-parity J 7V =3 + . A 1 + state 
is also reported at E x =0.23 MeV [57j from /3-decay of 
26 Ne (B(GT)=0.04 relative to B(GT)=0.49 for the (3- 
decay to the state at £ x =0.08 MeV). In 26 Mg(t, 3 He) 
data taken at 12 MeV/nucleon |5q . a state was found 
at this energy, and assigned 2 + based on the angular dis- 
tribution. Although we cannot separate this state in the 
current data, a strong transition to this state would have 
resulted in a significant broadening of the first peak in 
the 26 Na energy spectrum. Also, no transition to the 
T=2 analog in 26 Al via ( 3 He,t) was obeserved, although 
it would certainly be resolvable. Therefore, we conclude 
that, if the state at E x =0.23 MeV is excited at all, the 
B(GT) for this transition must be small. We assign er- 
ror bars to the energies of the 1 + states at E X =1A MeV, 
2.6 MeV and 5.1 MeV extracted from the (t, 3 He) exper- 
iment, based on the energy uncertainties of the relevant 
peaks in the spectrum at forward angles (Fig. QJi). 

The first of the two (d, 2 He) experiments 0] was per- 
formed at 135 MeV/nucleon with an energy resolution 
of 650 keV. The Gamow- Teller distribution extracted is 
similar to our result using the (t, 3 He) reaction, but when 
summed, 25±2% less strength is recovered. No explicit 
error margins are given in Ref. lQj, so the error in this 
discrepancy is calculated from the (t, 3 He) result only 
The authors assign a general uncertainty in the extracted 
Gamow- Teller strengths based on the analysis of a num- 
ber of nuclei of about 20%. In the second (d, 2 He) mea- 
surement 0, performed at 63 MeV/nucleon with an en- 
ergy resolution of 650 keV, the Gamow- Teller strength 
for the first 1 + state is consistent with our result from 
(t, 3 He). It should be noted that in neither (d, 2 He) exper- 
iment a MDA analysis was performed. 26 Mg(n,p) data 
also exist [53 , but the resolution was relatively poor and 
strengths were not extracted. The qualitative features of 
those data are similar to the (t, 3 He) and (d, 2 He) results, 
however. 

In Table UTI candidate T=2 Gamow- Teller states from 
the 26 Mg( 3 He,t) are also included. Except for one state 
at E X = \A. 53 MeV in 26 Al, presumably a high-lying T=l, 
1 + state, a good one-to-one correspondence is found, 
both in terms of energies of the states and their strengths. 



C. The Gamow- Teller sum rule and the 
comparison of experiment with shell-model theory 

For the Gamow- Teller strength in nuclei, a model- 
independent sum-rule can be derived |6Cj : 

S p - {GT) - V (GT) = 3(JV - Z) (3) 



Experimentally, only about 50-60% of the sum-rule 
strength is observed at excitation energies below ^20 
MeV (see also Section EJ. Different mech- 
anisms have been proposed to explain this quenching 
phenomenon. One explanation is that due to mixing 
with 2p-2h configurations via the strong tensor inter- 
action, Gamow- Teller strength is pushed up in excita- 
tion energy |6lL l62| . Experimentally, such high- lying 
stren gth has been found in the st udy of 90 Zr(p,n) at 295 
MeVlH and 90 Zr(n,p) H| and [H0. By combining 
these data, the measured sum-rule strength is 88±6% of 
3(V — Z), not including the uncertainty of the Gamow- 
Teller unit cross section of 16% |65J. This result indicates 
that a significant fraction of the missing Gamow- Teller 
strength is pushed up in excitation energy due to con- 
figuration mixing. The second mechanism suggested to 
explain quenching is that, due to coupling between the 
A(1232)-isobar nucleon-hole state and the lp-lh Gamow- 
Teller state, strength would shift to excitation energies 
of about 300 MeV [67|- Of course, the two mecha- 
nisms are not mutually exclusive. In fact, an analysis 
of isoscalar magnetic moments and Gamow- Teller ma- 
trix elements in the sd-shell suggest that the quenching 
factor is Q = (1 — S cm — = 0.61 where S cm = 0.15 
comes from configuration mixing and 5a — 0.07 comes 
from A(1232)-isobar nucleon-hole admixtures [68l| . 

In the present shell-model calculations neither of the 
above quenching mechanisms is taken into account. In 
the experiments discussed here, Gamow- Teller strength 
in the continuum could not be extracted, since it requires 
an MDA using a large number of multipoles, fitted over 
a wider scattering-angle range. We should, therefore, ex- 
pect to see only a fraction of the full sum rule strength. 
Indeed, by combining the 26 Mg( 3 He,t) and 26 Mg(t, 3 He) 
results, we find: 

S P -(GT)- S P+ {GT) = (4.46 ±0.05 - 0.85 ±0.06) 
= 3.61 ±0.08, (4) 

which corresponds to 60%±1% (the error is due to sta- 
tistical and systematical uncertainties in the background 
estimates only) of the 3(N — Z) = 6 sum rule. This 
agrees well to the established quenching factor in the sd- 
shell 0, of 0.59±0.03 and with quenching factors 
observed in this mass region in studies using the (p,n) 
reaction 0|. The orbital dependence of the Gamow- 
Teller effective operator in [TtJ is small and the Gamow- 
Teller strength spectrum is essentially the same as that 
obtained with an overall quenching factor of 0.59 

Next, a more detailed comparison between the shell- 
model calculations and the data is made. The re- 
sults are summarized in Fig. [3] In Fig. [SJi, the ex- 
tracted Gamow- Teller strengths from the 26 Mg( 3 He,t) 
and 26 Mg(t, 3 He) experiments are compared with the cal- 
culation performed with the updated sd-shell interaction, 
USD-05B 0| . In this interaction, the additional exper- 
imental information that has been collected on binding 
and excitation energies in the sd-shell since the devel- 
opment of the original USD |7l| interaction in 1983, is 
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TABLE II: Extracted Gamow- Teller strengths for transitions from 26 Mg to 26 Na from the present 26 Mg(t, 3 He) experiment at 
115 MeV/nucleon and comparison with results obtained from candidate T=2 states in the present 26 Mg( 3 He,t) experiment at 
140 MeV/nucleon and two (d, 2 He) experiments |9lll0| 



(t, 3 He) present data 


( 3 He,t) present data a 


(d, 2 He) 6 


(d, 2 He) c 


E x (MeV) 


B(GT) 


E* (MeV) 


B(GT) 


E* (MeV) 


B(GT) 


E x (MeV) B(GT) 


0.08 d 


0.41(5)±0.03 


13.57 


0.41±0.02 


0.08 11 


0.38 


0.08" 0.44±0.04 






14.53 


0.09±0.02 








1.4±0.2 


0.09±0.02 


14.88 


0.11±0.03 


1.5 


0.06 




2.6±0.2 


0.13±0.02 


15.91 


0.17±0.03 


2.6 


0.11 




5.1±0.4 


0.22±0.04 


18.32 


0.13±0.06 


5.2 


0.09 




Sum 


0.85±0.06 




0.91±0.09(0.82±0.08 e ) 




0.64 





"Potential T=2 states, assuming isospin symmetry and multiply- 
ing with a factor of 6 because of a difference in Clebsch-Gordan 
coefficients. 

''From Ref. Hp 

c From Ref. |<J 

^Excitation energy fixed to known location of 1+ state l5Sl . 
e Value excluding the state at f4.53 MeV. 



included in the fit of the parameters in the interaction. 
The theoretical Gamow- Teller strengths shown in Fig. 
were calculated using the code OXBASH [?2 in the 
full sd shell-model space. These Gamow- Teller strengths 
were then multiplied with 0.6 to account for the quench- 
ing phenomenon described above. 

At E x > 13 MeV, the shell-model calculations are com- 
pared with both 26 Mg( 3 He,t) and 26 Mg(t, 3 He) data sets 
in Fig. [SJl The regions where transitions with certain 
isospin (T=Q,1, or 2) are expected to be dominant from 
theory are indicated. 

The general correspondence of strength distributions 
is facilitated by comparing the cumulative summed 
strengths. In Fig. |3Jd, the extracted cumulative sums 
of Gamow- Teller strengths of transitions in 26 Mg( 3 He,t) 
(below E x =13 MeV) and 26 Mg(t, 3 He) (above E x = 13 
MeV) are compared with the experimental results from 
26 Mg(p,n) [13 and 26 Mg(d, 2 He) G3, respectively. In 
spite of minor differences, discussed above, there is an 
overall good agreement between results from the differ- 
ent probes. 

In Fig. Et, the 26 Mg( 3 He,t) (below E X =13 MeV) and 
26 Mg(t, 3 He) (above E x =13 MeV) are compared with 
shell-model calculations. Besides the theoretical results 
using the new USD-05B interaction |4^, the ones using 
the old USD interaction [jj are included as well. The 
USD and USD-05B interactions both give Gamow- Teller 
strength distributions in good overall agreement with ex- 
periment. The USD-05B interaction is better for the T=l 
states in the region 8-10 MeV. With the USD interaction, 
the strength distribution is shifted to slightly lower en- 
ergies and somewhat less strength is predicted than with 
the USD-05B interaction. Using the updated interac- 
tion results in a better agreement with the data. In the 
T=2 region (above E x = 13 MeV), both calculations pre- 
dict slightly higher strengths than the data. The shapes 
of the experimental and theoretical distributions are sim- 
ilar. 



V. THE DWBA AND SYSTEMATIC 
UNCERTAINTIES IN THE EXTRACTION OF 
GAMOW-TELLER STRENGTH 

In this section, the DWBA calculations used in Section 
IIVI are described in detail. It was shown in Fig. 0] that 
the calculations reproduce the measured angular distri- 
butions well. Here we will compare the absolute cross 
sections of the data and the theory. We will also give 
a theoretical estimate for the main source of systematic 
errors in the extracted Gamow- Teller strengths due to in- 
terference between AL = and AL = 2 (both AS = 1) 
transitions that lead to 1 + states. 



A. Details of the DWBA calculations 

For many ( 3 He,t) experiments carried out in the 
past, DWBA calculations have been performed using the 
code DW81 [TJ an d an effective 3 He-nucleon interaction 
[54l l74l l7Fj| consisting of 4 components, associated with 
the <jt (spin and isospin transfer), r (isospin transfer), 
LSt (spin-orbit) and tensor-r interactions. The err and 
r terms are represented by a single Yukawa potential, 
with a fixed range (R = 1.414 fm) set equal to the range 
of the one-pion exchange potential (OPEP). It was ar- 
gued that, when averaged over the volume of the 3 He 
particle, components of shorter range, arising from p- 
meson or 27r-exchange at the nucleon-nucleon level, result 
in ranges close to the OPEP value. The tensor term is 
represented by a potential of the form r 2 x Yukawa (with 
range R — 0.878 fm), multiplied by the tensor operator 
Si 2 . The spin-orbit term is usually set to zero, based 
on analyses of angular distributions for excitation of the 
isobaric analog states. The amplitudes of the err, r and 
tensor-r terms are then chosen to reproduce experimen- 
tal data. The uncertainty of the tensor-r term is large 
since there are very few transitions in which this compo- 
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FIG. 5: a) Measured Gamow- Teller strengths from 26 Mg( 3 He,t) and comparison with the shell-model predictions using the 
USD-05B interaction, multiplied by the extracted quenching factor of 0.6. For E x > 13 MeV, Gamow- Teller strengths extracted 
from 26 Mg(t, 3 He) are included. The excitation energies in Na have been shifted as explained in Fig. Inland the strengths 
have been divided by 6 to account for the difference in isospin Clebsch-Gordan coefficients. Regions where T = 0, 1 or 2 
are dominant are indicated, b) Cumulative sums of Gamow- Teller strengths; below E x = 13 MeV, results from 26 Mg( 3 He,t), 
26 Mg(p,n) are compared. Above E x = 13 MeV, results from 26 Mg(t, 3 He) and 26 Mg(d, 2 He) 01 experiments are compared. 
Note the changes in vertical scale for E x > 13 MeV. c) Comparison between results from the 26 Mg( 3 He,t) (E x < 13 MeV) and 
26 Mg(t, 3 He) (E x > 13 MeV) experiments and the shell-model calculations using the USD and USD-05B interactions. 



nent can be isolated. Note that exchange contributions 
to the calculated cross sections with this interaction are 
absorbed in the effective 3 He-nucleon interaction and not 
separable from the direct contributions. 

Although the calculations with the effective 3 He- 
nucleon interaction generally lead to a good match with 
the data at forward scattering angles, its use is some- 
what unsatisfactory since little information can be ex- 
tracted about the reaction mechanism and thus about 
effects that possibly lead to uncertainties in extraction 
of Gamow- Teller strengths. An important question is 
whether it is possible to construct this effective interac- 
tion from effective nucleon-nucleon potentials used suc- 
cessfully in analyses of (p,n) and (n,p) data. This requires 
the folding of such interactions over the transition den- 
sities and taking into account the finite sizes of the 3 He 
and triton particles as well as exchange contributions. 

We, therefore, used the code FOLD 1531. i n which the 
Love-Franey nucleon-nucleon interaction |2lL |2^ | , briefly 
described in scction[n]and commonly used in the analysis 
of (p,n) and (n,p) data, is double-folded over the transi- 
tion densities. Central, spin-orbit and tensor components 
of the interaction are included and exchange is treated in 



the short-range approximation described in Ref. |2l| . 
The exact treatment of exchange for composite particles 
is a challenge, and in the case of charge- exchange reac- 
tions, has only been att emp ted at beam energies of 200 
and 300 MeV/nucleon |7a Iz3| Small changes to the 
code FOLD were made so that Clebsch-Gordan coeffi- 
cients were properly determined and exchange terms were 
calculated according to the procedure described in Ref. 
|2l|. Tensor exchange effects are ignored, which is a rea- 
sonable approximation, as shown in Ref. : 76j . In this ref- 
erence it was also shown that the no-recoil approximation 
for exchange, which is in effect similar to the short-range 
approximation used in the present paper [T^, results in 
an underestimation of exchange effects. Since direct and 
exchange contributions interfere destructively, cross sec- 
tions should be overestimated. It was shown, however, 
that the angular distributions hardly changed if exchange 
was treated in the approximate manner instead of using 
an exact finite range calculation [7t|. 

One-body transition densities (OBTDs) were calcu- 
lated with the code OXBASH 72] employing the new 
USD-05B interaction in the sd shell-model space. 
Radial wave functions of the target and residue were cal- 
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culated using a Woods-Saxon potential. Bindingenergies 
of the particles were determined in OXBASH |J3 using 
the Skyrme SK20 interaction [f^- They are -7.74 MeV 
(-10.00 MeV), -3.69 MeV (-5.27 MeV), -10.65 MeV (- 
12.12 MeV) for the protons (neutrons) in the S1/2, d 3 / 2 
and d 5/2 orbits of 26 Mg, respectively; -6.00 MeV, -1.67 
MeV, and -8.47 MeV for the protons in the S1/2, d 3 / 2 
and d 5/2 orbits of 26 Al and -7.54 MeV, -10.65 MeV and 
-3.911 MeV for the neutrons in the S\/ 2 , d^/ 2 , and d 5 / 2 
orbits of 26 Na. For 3 He and 3 H, densities were obtained 
from Variational Monte-Carlo results [80| . 

Optical potential parameters (OPP) were obtained by 
refitting 3 He elastic-scattering data on 28 Si at 150 
MeV/nucleon because of the large discre pan cies found 
between OPP for other nuclei in Refs. |8l| and [82^ . 
Following the definitions of the optical potentials in these 
references, the new parameters are: Vr = —25.1 MeV, 
r R = 1.43 fm, a R = 0.833 fm, IV/ = -40.0 MeV, r T = 
0.963 fm, a/ = 1.03 fm and r c = 1.25 fm. With the old 
parameters, angular distributions calculated in DWBA 
for the ( 3 He,t) and (t, 3 He) reactions did not match the 
data well. With the refitted parameters (see Fig. |3J| the 
agreement is good. Following Ref. the depths of 

the triton potentials were calculated by multiplying the 
depths of the 3 He potentials by 0.85, while leaving radii 
and diffusencsscs constant. 



B. Comparison of absolute cross sections in 
experiment and theory. 

In Tabic II I II a comparison is made between mea- 
sured and calculated cross sections at 0° for the four 
Gamow- Teller transitions to 1 + states in 26 Al for which 
the Gamow- Teller strength is known from /3-decay, as 
well as the excitation of the IAS. The excitation of 
the IAS exhausts the full Fermi sum rule strength (N- 
Z)=2. The comparison between the experimental re- 
sult and the theoretical calculation for this transition, 
therefore, has to be made without corrections. For the 
Gamow- Teller transitions, one has to take into account 
that the strengths calculated in the shell-model are not 
equal to the measured strengths in /3-decay data due to 
the quenching of the Gamow- Teller strengths and minor 
additional differences between measured and calculated 
strengths on a state-by-state basis. In addition a small 
multiplicative correction (see footnote in Table lTTTj) has to 
be made due to the fact that the Gamow- Teller strength 
for the transition from 3 He to the triton is 2.685 ± 0.004 
[84[ instead of 3 as assumed in the calculations. 

Ignoring the transitions to the states at E x —2.07 MeV 
and £^,=2.74 MeV for reasons discussed below, the differ- 
ential cross sections calculated via DWBA overestimate 
the data by factors of 1.80±0.05 for the transition to the 
IAS and 1.62±0.04 and 1.60±0.05 for the transitions to 
the first two 1+ states at E X =1,Q6 MeV and E x =l,85 
MeV, respectively. Uncertainties in the beam integra- 
tion and target thicknesses (< 10%) and optical poten- 



tial parameters (~ 20%) cannot account for this dis- 
crepancy. As mentioned above, one of the likely sources 
is the approximate treatment of the exchange processes 
|76|. However, even when such processes were treated 
exactly, a significant overestimation (~ 45%) was found 
[76| . The authors of Ref. [7(| partially attributed this to 
the optical potential parameters used, and in Ref. |77j] 
the strength of the imaginary potential (in that case the 
potentials were calculated in a single-folding procedure) 
was reduced by 30%. Since we used optical model pa- 
rameters obtained from fitting elastic scattering data, 
and since a drastic change of the strength of the imag- 
inary potential would result in a bad description of the 
measured angular distributions, such a change can not 
be justified in the analysis of the current data. It can 
not be excluded that other effects, such as a density- 
dependence of the interaction, play a role as well. In 
fact, for the (p,n) reaction, corrections of up to 40%, and 
a better fit to the data as a result, have been reported 
|85| if density-dependence effects were taken into account. 
Changes due to the density-dependence of the interac- 
tion are expected to be stronger for Fermi transitions 
than for Gamow- Teller transitions, since the potentials 
involved have shorter ranges J86] . Since exchange effects 
are different for Fermi and Gamow- Teller transitions as 
well, it is not possible to draw strong conclusions based 
on the nature of small differences in the discrepancies 
between data and DWBA calculations for the excitation 
of the IAS and the Gamow- Teller transitions. It indi- 
cates, however, that caution is advised when calibrating 
the unit cross section for Gamow- Teller transitions using 
the ratio to the unit cross section for Fermi transitions, 
as is sometimes done. 

We thus find that if the Love-Franey interaction pH 
l22l | is used in Eq. ^with the approximate treatment of 
exchange, an additional factor C is to be included: 

^-(q = 0) = CKN\J aT \ 2 B(GT), (5) 
all 

with C = 0.62 for Gamow- Teller transitions and C — 
0.56 for Fermi transitions. 

It is not well-known whether discrepancies between 
data and the DWBA calculations a re p resent for other 
composite probes as well. In Ref. (33 a scaling factor 
C = 0.32 is determined for the (d, 2 He) reaction from a 
comparison to transitions with known B(GT). This fac- 
tor includes a correction for the cut on the relative en- 
ergy between the two outgoing protons (internal energy 
e pp < 1 MeV), which is hard to estimate theoretically. 
It is, therefore, not clear whether the cut on the relative 
energy between the protons fully explains the value of C 
in the (d, 2 He) reaction, or whether additional contribu- 
tions, like corrections to the treatment of exchange, are 
important as well. If the (d, 2 He) reaction is considered 
to be nearly quasifree, with the projectile proton acting 
as a spectator, the mechanisms involved could be quite 
different than for the (t, 3 He) reaction. 
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TABLE III: Comparison between measured and calculated differential cross sections at 0° for the excitation of the IAS and the 
first four 1 + states in 26 Al via the ( 3 He,t) reaction. The calculated cross sections for Gamow- Teller transitions are corrected 
for reasons discussed in the text (see footnote for equation used), before comparing them with the data. 

state in 26 Al Strength ^§(0°) (mb/sr) ratio 



E x (MeV) 




r 


BuSD-05B 


— decay 


B(3 Hc ,t) 


DWBA 


DWBA corrected" 


experiment 


DWBA corrected 
experiment 


0.228 


0+ 


(IAS) 


2 b 




2 b 


7.20 


7.20 


4.0±0.1 


1.80±0.05 


1.06 


1+ 


(GT) 


1.69 


1.098±0.022 


1.09±0.03 


38.9 


22.6 


13.9±0.3 


1.62±0.04 


1.85 


1+ 


(GT) 


0.96 


0.536±0.014 


0.54±0.02 


21.5 


10.7 


6.7±0.2 


1.60±0.05 


2.07 


1+ 


(GT) 


0.022 


0.091±0.004 


0.114±0.008 


0.56 


2.08 


1.45±0.03 


1.43±0.03 


2.74 


1+ 


(GT) 


0.26 


0.113±0.005 


0.119±0.008 


5.06 


1.97 


1.5±0.03 


1.31±0.03 



a No correction is applied for the IAS. For GT transitions, 

Ar/ n ox _ d*/ n o\ B(GT)g B ( GT )[t,3 if,) 

dnV U J corrected — dSl (U iDWBA B(GT) USD _ 05B 3 

^Using the Fermi sum rule S-(F)-S+(F) = (N-Z) with S+ = 0. 



C. Uncertainties in the proportionality between 
Gamow- Teller strength and cross section at zero 
momentum transfer 

As shown in Table ITTT1 the discrepancies between the 
DWBA calculations and the data are different for the two 
Gamow- Teller transitions to the lowest-lying 1 + states at 
E x = 1.06 MeV and E x = 1.85 MeV) and the transi- 
tions to the next two 1 + states at E x = 2.07 MeV and 
E x = 2.74 MeV. This constitutes a breaking of the pro- 
portionality described in Eq. ^ Next, we discuss why 
the calibration of the proportionality was performed us- 
ing the first two transitions only. It will be shown that 
the magnitude of the proportionality breaking can be ex- 
plained as being due to interference between AL = 2, 
AS = 1 amplitudes (mediated via the tensor-r compo- 
nent of the interaction) and AL = 0, AS* = 1 amplitudes 
(mediated via the err component of the interaction). It 
is important to note that, in practice, it is impossible 
to make corrections to Gamow- Teller strengths deduced 
from charge- exchange reactions for this type of propor- 
tionality breaking, since it requires a-priori and exact 
knowledge of the wave functions. 

It is well-known |23| that proportionality breaking oc- 
curs, and stronger so for transitions with small Gamow- 
Teller strengths. To quantify the proportionality break- 
ing for the ( 3 He,t) and (t, 3 He) reactions at the beam 
energies used for the experiments described here, a the- 
oretical study was performed as shown in the following. 
Similar studies have been performed for the (p,n) reac- 
tion (see e.g. |87|). 

OBTDs for the first 100 transitions to T=0, T=l 
and T=2 1+ states (300 states in total) in 26 Al via 
26 Mg( 3 He,t) at 140 MeV/nucleon were generated in the 
shell-model code OXBASH [72|, using the USD-05B 
|45| interaction. The Gamow- Teller strength and sub- 
sequently the differential cross sections in DWBA are 
calculated for each of the transitions, as described above. 
From this point onward, we treated these calculated cross 
sections as if they were data and extracted the Gamow- 
Teller strengths for each state in exactly the same manner 



as was done in the analysis of the experimental data de- 
scribed in section ITVI However, in the calculated DWBA 
cross sections it is possible to switch on and off the inter- 
ference due to AL — 2, AS* = 1 contributions. In prin- 
ciple, this should be done on the level of the OBTDs. It 
was found, however, that by simply setting the tensor- 
r component of the interaction equal to zero, the same 
effect was achieved: the proportionality between cross 
section at zero-momentum transfer and Gamow- Teller 
strength was near perfect and remained within deviations 
of ~ 2%). This indicates that the tensor-r component 
of the interaction that mediates the AL = 2, AS = 1 
transitions, is indeed the dominant cause for the propor- 
tionality breaking. Finally, we determined the difference 
in extracted Gamow- Teller strength for each state from 
the calculations where the interference was allowed to 
occur (as in the real data) and the input Gamow- Teller 
strength (as calculated in the shell model). The following 
relative systematic error was denned for each transition: 

r. , , B(GT)uwba - B(GT)sm fa s 
Rel. syst. error = — — , (6) 

where B(GT)dwba is the Gamow- Teller strength ex- 
tracted via the calculations in DWBA with the full inter- 
action (i.e. the simulated data with the tensor-r interac- 
tion) and B(GT)sm is the Gamow- Teller strength of the 
corresponding transition as calculated in the shell model. 

In Fig. H3 the results from the theoretical study are dis- 
played. In the top panel, the relative systematic errors 
calculated via Eq. are plotted against Gamow- Teller 
strengths generated in the shell-model (note the logarith- 
mic horizontal scale). These shell-model strengths were 
multiplied by the experimentally establish quenching fac- 
tor of 0.6, in order to enable a direct comparison with 
strengths deduced from experiments. Transitions with 
Gamow- Teller strengths smaller than 0.001 are excluded 
from the plot and the approximate experimental detec- 
tion limit is indicated. It is clear that for large strengths, 
the systematic errors are small. They increase with de- 
creased strength. No clear dependence on isospin of the 
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deviation of the relative systematic error can be approx- 
imated with: 

<7rel. syst. error « 0.03 - 0.035 hl(B(GT)). (7) 

From this study, it is clear that calibration of the pro- 
portionality is best performed using transitions with large 
Gamow- Teller strengths, hence the choice made earlier 
to only use the first two strong Gamow- Teller transi- 
tions for this purpose. For the states at E x = 2.07 MeV 
(B(GT)=0.091) and at E x = 2.74 MeV (B(GT)=0.113), 
standard deviations of 11.4% and 10.6% are expected, re- 
spectively, using Eq. [7| The measured deviations, assum- 
ing that the proportionality calibration using the transi- 
tions to the states at 2^=1.06 MeV and £^=1.85 MeV is 
perfect, are 10.6% (0.93 standard deviation) and 18.5% 
(1.74 standard deviations), respectively. Although the 
sample size is small, this result provides a good indication 
that the proportionality breaking can be explained as be- 
ing mainly due to the interference from AL — 2, AS = 1 
components in the Gamow- Teller transitions. Note that 
the proportionality breaking due to this phenomenon is 
expected to be different for reactions that strongly probe 
the nuclear surface (like ( 3 He,t) and (t, 3 He)) than reac- 
tions that penetrate the nucleus deeply, like (p,n) and 
(n,p). For the 26 Mg( 3 He,t) and 26 Mg(t, 3 He) reactions 
discussed in this paper, setting the lower boundary of 
the radial integral over the form factor to 1.9 fm (the 
radius of 26 Mg is approximately 3.8 fm) only reduces the 
calculated cross sections in DWBA by about 5%. 



FIG. 6: Results of a theoretical study into the effects of AL = 
2, AS — 1 contributions mediated via the tensor-r interaction 
that interfere with AL = 0, AS = 1 contributions to Gamow- 
Teller transitions. The calculations were performed for the 
26 Mg( 3 He,t) reaction at 140 MeV/nucleon and included all 
Gamow- Teller transitions to T=0, T=l and T=2 1 + states 
generated in the shell-model calculations described in the text 
up to an excitation energy of 20 MeV in 26 Al. Only transitions 
with B(GT)> 0.001 are shown. In the top panel the expected 
relative error made in the extraction of the Gamow- Teller 
strength is shown as a function of the shell-model strength. 
The histograms in the bottom panel contain the relative errors 
for transitions with 0.001 < B(GT) < 0.01 (left), 0.01 < 
B(GT) < 0.1 (center) and B(GT) > 0.1 (right). Standard 
deviations of the distributions are indicated. 



final state was found. In the bottom three panels, the rel- 
ative systematic errors are plotted for three regions with 
increasing strengths. In each panel, the standard devia- 
tion of the relative systematic error is given, decreasing 
from 0.24 for B(GT)< 0.01 to 0.14 for 0.01<B(GT)<0.1 
and to 0.07 for B(GT)>0.1. Note that the interference 
can be destructive or constructive, and that, on average 
the systematic error is close to zero. In fact, when inte- 
grated over all Gamow- Teller transitions, the extracted 
strength in the theoretical study above only deviated by 
about 1% from the integrated Gamow- Teller strength cal- 
culated in the shell model. It was found that the standard 



VI. CONCLUSIONS AND OUTLOOK 

In summary, we have shown that the (t, 3 He) reaction 
at 115 MeV/nucleon is an accurate probe for Gamow- 
Teller strength in the AT Z = +1 direction. In addition 
to (n,p) and (d, 2 He), it provides a new tool to test weak 
rates used in stellar-evolution modeling. Together with 
( 3 Hc,t), (t, 3 He) provides an alternative to (p,n) and (n,p) 
reactions with significantly improved resolution. The 
ability to predict the Gamow- Teller strength distribu- 
tion with the new USD-05B interaction was tested and 
a good correspondence with the experiment was found. 
Compared to the old USD interaction, improvements 
were most significant for transitions to states with isospin 
T=l. 

Except for a general scaling factor, differential cross 
sections for a variety of J™ transitions are reproduced in 
double- folding DWBA using the code FOLD, and sys- 
tematic errors on the level of 10-20%in the extraction 
of Gamow- Teller strengths on a transition-by-transition 
basis can be understood in terms of interference between 
the AL — 0, AS* = 1 and AL = 2, AS* = 1 amplitudes. 
When integrated over many states, the systematic error 
becomes small (~ 1%), because the deviations for vari- 
ous states can be positive or negative and cancel. Under- 
standing the discrepancy between measured and theoret- 
ical absolute cross sections by a factor of about 1.6-1.8 for 
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Gamow- Teller and Fermi transitions will require further 
investigation; a likely cause is the approximate treatment 
of exchange in the DWBA calculations. A study of such 
issues on nuclei over a wide mass range is in progress and 
will be presented in a forthcoming paper. 

Increased triton beam intensities have recently been 
obtained at the NSCL, using a primary 16 beam instead 
of a primary a-beam [88j. This will provide 5-10 times 
better statistics. Meanwhile, beam-tuning capabilities 
have improved as well which makes it easier to achieve op- 
timum dispersion-matching conditions. Somewhat thin- 
ner targets than the one used for the 26 Mg(t, 3 He) can 
be used as well, so that resolutions of about 200 keV 
can reliably be achieved. The improved capabilities will 
enable measurements of weak-interaction strengths using 
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